The commonly utilized phosphodiesterase type 5 inhibitors do not lead to satisfactory penile erection after radical prostatectomy mainly because of insufficient nitric oxide drive from the damaged cavernous nerves. The aim of this study was to assess the efficacy and mechanisms of icariin in combination with daily sildenafil on neurogenic erectile dysfunction and penile atrophy in a rat model of bilateral cavernous nerves injury. Sixty male Sprague-Dawley rats injected with 5-ethynyl-2-deoxyuridine (50 mg/kg) at postnatal day 1 for the purpose of tracking endogenous stem cells in penis. Forty-eight rats of bilateral cavernous nerves injury were randomized equally into gavage feeding of vehicle, sildenafil (10 mg/kg), icariin (1.5 mg/kg) and sildenafil + icariin, respectively. Twelve sham-operated rats served as control. The intracavernous pressure and mean arterial pressure was measured and mid-penile cross sections were histologically examined 5 weeks after surgery. Western blotting of cavernous tissue protein was also performed. Animals treated with sildenafil + icariin had significantly higher mean intracavernous pressure/mean arterial pressure ratio relative to other rats with bilateral cavernous nerves injury (p < 0.05). The circumference and mean cross-sectional area of the paired corpus cavernosum were effectively preserved in the sildenafil + icariin. Treatment with sildenafil + icariin significantly increased the cavernous cyclic guanosine monophosphate concentration compared with the icariin group (p < 0.05). In addition, the numbers of neuronal nitric oxide synthase-positive nerves and 5-ethynyl-2-deoxyuridine-positive cells co-expressing S100 in the icariin-treated groups were greater compared with the bilateral cavernous nerves injury control group (p < 0.05). These data suggest that the combined use of icariin and daily sildenafil holds promise as a potential therapy for neurogenic erectile dysfunction in the future. The underlying mechanisms appears to involve two aspects: (i) icariin promotes differentiation of endogenous stem cells to Schwann cells, which help to repair the damaged neural pathway for erection; (ii) on this basis, sildenafil can further improve penile engorgement through the cyclic guanosine monophosphate-dependent smooth muscle relaxation.
INTRODUCTION
Radical prostatectomy (RP) is the most commonly performed procedure for localized prostate cancer in patients with a life expectancy of at least 10 years. Anatomically, the small size of cavernous nerves (CN) makes it difficult to clear observation and susceptible to intraoperative injury (Walsh et al., 1994) . Despite continuing advances in urological anatomy and technique, erectile dysfunction (ED) remains a frequent consequence even in patients undergoing bilateral nerve-sparing RP (Tal et al., 2009; Geraerts et al., 2016; Sridhar et al., 2016; Walz et al., 2016) . Development of ED after RP is a multifactorial process, including neurogenic and vasculogenic factors.
Penile erection is a hemodynamic process involving relaxation of cavernosum smooth muscle (CSM) and its associated arterioles. It's generally accepted that CSM relaxation, leading to an increase in oxygenated blood flow into the sinusoids, is triggered by nitric oxide (NO) released from CN during sexual stimulation (Lue, 2000; Lin et al., 2005) . Similar to other types of ED, phosphodiesterase type 5 (PDE5) inhibitors are still the first-line choice for patients with post-RP ED. However, the success rate (43%) of oral PDE5 inhibitors in patients with post-RP ED is lowest among ED patients with various concomitant medical conditions (McCullough et al., 2002) . PDE5 inhibitors, as indicated by its name, inhibit the activity of PDE5 and increase the concentration of cyclic guanosine monophosphate (cGMP). Unfortunately, the release of NO is partially limited because of CN injury during RP, which finally effects the production of NOinduced cGMP. Therefore, the target pathway of PDE5 inhibitors is disturbed under the condition of CN injury. This may explain the relatively low success rate of PDE5 inhibitors in treating post-RP ED.
In a previous study (Shindel et al., 2010) , icariin (ICA, C 33 H 40 O 15 , 676.67) has been demonstrated to increase penile neuronal NO synthase (nNOS), which is essential for NO synthesis. In addition, we also found that ICA exerted weak inhibitory activity against PDE5 in vitro and vivo (Xin et al., 2003; Ning et al., 2006) . When ICA is administrated in combination with PDE5 inhibitors, it is reasonable to presume that there is both an increase in the production of cGMP (because of the promotion in NO synthesis) and an inhibition of its breakdown (because of the PDE5 inhibitor). Theoretically, the combined use of ICA and daily sildenafil may be a candidate for the treatment of ED caused by CN injury. Therefore, we employed a rat model of bilateral cavernous nerves injury (BCNI) to investigate the efficacy and mechanisms of the combination of ICA and daily sildenafil for the treatment of neurogenic ED.
MATERIALS AND METHODS

Experimental design
A total of sixty male Sprague-Dawley (SD) rats were obtained from the Animal Breeding Center at the Peking University Health Science Center. The experiments were approved by the institutional animal care and use subcommittee of our university. All animals were maintained under the controlled conditions of temperature (23 AE 2°C) and light (12 h light/dark cycle) with standard diet and water.
For the purpose of tracking endogenous SCs in penis, all SD rats were intraperitoneally injected with 5-ethynyl-2-deoxyuridine (EdU; 50 mg/kg) at postnatal day one by using label-retaining cells (LRC) strategy Xu et al., 2015) . Twelve weeks later, CN exposure with or without injury was performed as previously described (Bella et al., 2007) . Under 5% sodium pentobarbital anesthesia, the prostate gland was exposed through a lower midline abdominal incision, and the CN and major pelvic ganglia (MPG) were easily identified. Twelve SD rats were randomly selected as sham group and no further intervention was performed. In all other rats, CN was isolated and crushed approximately 5-mm distal to the MPG for 2 min per side using a microsurgical needle holder (with a lock and 1.2 mm serrated jaws) at the constant 'lock' pressure.
Starting at the day of surgery, twelve rats in the sham group were given daily gavage feedings of vehicle (the sham group); 48 rats undergoing BCNI were randomized equally into gavage feeding of vehicle (the BCNI control group), sildenafil (10 mg/ kg), ICA (1.5 mg/kg) and sildenafil + ICA, respectively. Treatment was continued for 4 weeks, followed by a washout period of 7 days. After functional testing, the animals were killed and the penises were harvested for histology.
Measurement of intracavernous pressure and mean arterial pressure
The intracavernous pressure (ICP) and mean arterial pressure (MAP) were measured as previous description (Xu et al., 2014) . The stimulus parameters were 20 Hz, pulse width of 0.2 msec, 1.5 mA, and duration of 50 sec. The ratio of maximal ICP (mmHg) to MAP (mmHg) was calculated to normalize for variations in systemic blood pressure.
Immunofluorescence and histochemistry staining
Samples were frozen in optimum cutting temperature compound (Sakura Finetek, Torrance, CA, USA). Sections were cut at 5 lm and subjected to immunofluorescence staining. Primary antibodies were rabbit anti-S100 (1:100; Sigma-Aldrich, St Louis, MO, USA) and rabbit anti-nNOS (1:400; Abcam, Cambridge, MA, USA). Smooth muscle was stained with AlexaFluor-488 conjugated phalloidin (Sigma-Aldrich). Nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA). For evaluation of the number of nNOS-positive nerves, the two largest dorsal nerve branches and two fields at the similar parts of the corpus cavernosum (CC) were selected. For evaluation of the number of differentiated LRC, the two largest dorsal nerve branches were selected. The cells labeled with EdU (S100 positive or not) were counted. Slides were then stained with hematoxylin-eosin staining and Masson's trichrome staining. Slides were photographed and recorded using a LEICA DFC 425 C digital microscope camera system (Leica, Heidelberg, Germany). Computerized histomorphometric analysis was performed using IMAGE-PRO PLUS 6.0 software (Media Cybernetics, Bethesda, MD, USA).
Western blot analysis
The penile tissue used for western blot contained both dorsal nerve branches and CC. Twenty microgram of tissue protein were electrophoresed in sodium dodecyl sulfate- Sham, the sham group, midline laparotomy without bilateral cavernous nerves injury (BCNI). BCNI, the BCNI control group, BCNI and gavage feeding of vehicle. Sil, the sildenafil group, BCNI and gavage feeding of sildenafil (10 mg/kg). Icariin (ICA), the ICA group, BCNI and gavage feeding of sildenafil (10 mg/kg) and icariin (1.5 mg/kg). ICA + Sil, the ICA + sildenafil group, BCNI and gavage feeding of icariin (1.5 mg/kg). *p < 0.05 vs. the BCNI control group, #p < 0.05 vs. the sham group, &p < 0.05 vs. the ICA group, @p < 0.05 vs. the sildenafil group.
polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride membrane (Millipore Corp, Bedford, MA, USA). Primary antibodies were rabbit anti-nNOS (1 : 1000; Abcam) and rabbit anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After the hybridization of secondary antibodies, the resulting images were analyzed with ChemiImager 4000 (Alpha Innotech Corporation, San Leandro, CA, USA).
Measurement of cGMP in CC
The penile tissue used in this study was immediately collected after assessment of ICP and MAP and stored in liquid nitrogen. Frozen penile tissue was homogenized in 0.1 M HCl on ice and centrifuged at 13400 g for 5 min. The supernatant was assayed using a commercial cGMP assay kit (K372-100; BioVision, Mountain View, CA, USA) according to the manufacturer's instruction. Figure 2 Evaluation of neuronal NO synthase (nNOS) expression by immunofluorescence staining and western blot. (A) Representative images of immunofluorescence staining for smooth muscle (green) and nNOS (red). For evaluation of the nNOS-positive nerves, the largest penile dorsal nerve and the fields at the similar part of the corpora cavernosa were selected. Original magnification is 9200, insert bar = 100 lm. 
Statistical analysis
Statistical analyses were performed with the SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Data are expressed as mean AE SD (standard deviation). Multiple groups were compared using oneway analysis of variance followed by Tukey's post hoc test, and p < 0.05 was considered statistically significant.
RESULTS
Assessment of erectile function
The basal ICP/MAP is 0.20 AE 0.03 under no stimulation. Mean ICP/MAP ratio for all groups is presented in Fig. 1 . The measure was significantly lower in the BCNI control group (0.24 AE 0.05) relative to the sham group (0.91 AE 0.02; p < 0.01). Animals that received daily sildenafil tended to have a higher ICP/MAP ratio (0.33 AE 0.06) compared with the vehicle-treated animals, but the difference did not attain statistical significance (p = 0.126). The ICP/MAP ratios were significantly higher in the ICA (0.53 AE 0.02) and sildenafil + ICA (0.67 AE 0.05) groups than those in the BCNI control and sildenafil groups. Animals that received sildenafil + ICA had significantly higher mean ICP/ MAP ratio relative to all other rats with BCNI. In addition, the ratios in the sildenafil, ICA, and sildenafil + ICA groups were all significantly higher than the basal ICP/MAP (0.20 AE 0.03) under the condition of no stimulation. MAP did not differ significantly between groups. No other differences between groups reached statistical significance.
nNOS immunofluorescence staining and western blot analysis
Regeneration of nNOS-positive nerves and nNOS expression were evaluated by immunofluorescence staining and western blot. Representative images of nNOS immunofluorescence staining are presented in Fig. 2A . Although the penile nerve bundle does not reflect cavernous nerve input but rather input from the pudendal nerve, surprisingly we found that the changing tendency of nNOS-positive dots in the penile nerve bundle was similar to that in the CC (by immunofluorescence staining). The phenomenon may be caused by some unknown reasons which were not explored in this study. CN crush significantly decreased the positivity for nNOS fibers in the CC and dorsal penile nerves. Sildenafil treatment could not preserve the number of nNOS-positive nerves at both areas. In the CC, the numbers of nNOS-positive nerves in the ICA group and sildenafil + ICA group were significantly greater than that in the BCNI control group (p < 0.05); in DNS, the number in the sildenafil + ICA group, but not in the ICA group, was significantly greater than that in the BCNI control group (p < 0.05). Western blot analysis confirmed that the nNOS expression was significantly higher in the ICA treatment groups relative to the BCNI control animals (p < 0.05). The difference in the number of nNOS-positive fibers between the sildenafil group and the ICA group did not attain statistical significance, although this value trended toward significance (p = 0.063). Comparisons between groups are shown in Fig. 2B and D.
Concentration of cGMP in the penile CC
As shown in Fig. 3 , the concentration of cGMP in the sham, BCNI control, sildenafil, ICA and sildenafil + ICA group was 33.4 AE 5.8, 11.1 AE 4.7, 13.2 AE 3.6, 20.9 AE 4.3 and 30.9 AE 6.2, respectively. The cGMP level was significantly lower in the BCNI control group compared with the sham-operated group (p = 0.000). Animals in the ICA (p = 0.036) and sildenafil + ICA (0.001) groups had significantly higher cavernous cGMP concentrations relative to BCNI control animals; rats that received daily sildenafil also tended to have a higher cGMP level, but the difference was not significant (0.614). The cGMP level was significantly higher in the sildenafil + ICA relative to the ICA group (0.035), and there was no significant difference in the cavernous cGMP concentration between the sildenafil + ICA group and the sham-operated group (p = 0.548).
Pathological changes of penis
The representative images and changes in circumference and cross-sectional area of the paired CC (mid-shaft portion of the penis) in the various groups are presented in Fig. 4 . Similar to clinical observation, a significant decrease in penile thickness was observed in the rats with bilateral CN injury compared with the sham animals. Both measures were significantly lower in CN injured animals and sildenafil-treated animals compared with shams (p < 0.01). Animals that received ICA + sildenafil treatment had significantly higher mean circumference compared with BCNI control animals and the sildenafil-treated animals. The difference in mean cross-sectional area between the ICA + sildenafil group and the BCNI control group did not attain statistical significance, although this value trended toward significance (p = 0.066). There were no other significant differences in both measures between groups.
Penile interstitial fibrosis was evaluated qualitatively and semiquantitatively by Masson's trichrome staining. Fibrosis was present following BCNI, as indicated by the significant increase in smooth muscle/collagen ratio in the BCNI control group compared with that in the sham group. The ratio was significantly improved in the ICA-treated groups relative to the BCNI control group. Phalloidin staining were used to examine smooth muscle content in the CC. BCNI resulted in a significantly decrease in smooth muscle content compared with the sham animals. Smooth muscle content in the ICA-treated groups was significantly greater than that in the BCNI control group (p < 0.05). The smooth muscle content in the sildenafil + ICA group was significantly greater than 602 Andrology, 2017, 5, 598-605 that in the sildenafil group (p < 0.05). Although the animals that received ICA also tended to have a higher smooth muscle content relative to the sildenafil-treated animals, the difference was not statistically significant (Fig. 5) .
ICA enhances differentiation of EdU-positive LRCs into Schwann cells
Representative images of EdU-positive cells in the penile dorsal nerve are presented in Fig. 6 . The percentage of EdU-positive cells co-expressing S100 in the ICA-treated groups was significant higher compared with all others. There were no other significant differences between groups.
DISCUSSION
Erectile dysfunction is a severe complication following RP and many patients even not regain erectile function for more than 12 months (McCullough, 2001) . The early penile rehabilitation after RP has been proved to improve erectile function, but the optimal method is yet to be established. Oral PDE5 inhibitor is the most commonly used treatment, although it is less effective in patients with post-RP ED when compared with patients having other concomitant risk factors (Sanchez Ramos et al., 2001; Stuckey et al., 2003) . PDE5 inhibitors, as indicated by its name, can decrease the cGMP hydrolysis by inhibiting the activity of PDE5. Specially, the release of NO is partially limited because of the damaged CN following RP, which finally effects the production of NO-induced cGMP during sexual stimulation. Therefore, inhibition of PDE5 will not result in considerable cGMP increase when existing CN injury, which may be the underlying mechanism to explain the relatively low success rate of PDE5 inhibitors in treating post-RP ED. Despite some previous studies reported that daily low-dose sildenafil may result in a restoration of spontaneous penile erection after RP, the response rate to sildenafil after RP in different trials has ranged from 24 to 33% Padma-Nathan et al., 2008) . Because of the lack of direct evidence, the mechanism of the benefit of daily PED5 inhibitors, such as improved penile oxygenation, blood flow, or neural regeneration, remains theoretical. In this study, we provide evidences that daily sildenafil alone can not effectively improve the penile erection in CN crush model, although the ICP value shows somewhat increase.
Herba Epimedii has been used as aphrodisiac and tonic drug in traditional Chinese medicine for centuries. ICA is one of the most abundant flavonoids in Herba Epimedii and has benefit effects on ED in various animal models. ICA can be transformed into Icariside II (ICAII, C 27 H 32 O 10 , 514.54), which is the bioactive form of ICA, by the hydrolysis effects of intestinal microflora (Cai et al., 2011; Cheng et al., 2015) . Previous work has demonstrated that ICA had neurotrophic properties when cultured with the MPG (Shindel et al., 2010) . Furthermore, ICA exerts weak inhibitory activity against PDE5 in vitro and vivo (Xin et al., 2003; Ning et al., 2006) . In this study, the functional evidence showed that ICA has better beneficial effect on erectile function after CN injury compared with daily sildenafil; the mean ICP/MAP ratio are significantly greater in the ICA-treated groups than that in the control and sildenafil-treated groups. Although animals treated with daily sildenafil also tended to have a higher ICP/MAP ratio compared with the control animals, but the difference did not attain statistical significance. Moreover, animals treated with sildenafil + ICA exhibited a significantly higher mean ICP/MAP ratio relative to all other rats with BCNI. Interestingly, we detected significantly greater nNOS in ICA-treated rats relative to BCNI control rats and animals treated with sildenafil alone. Moreover, we found that the cGMP level was significantly higher in the sildenafil + ICA relative to the ICA group. Therefore, we theorize that the increased nNOS may enhance NO production following ICA treatment, and owing to the increase in NO, then sildenafil can augment the NO-activated smooth muscle relaxation and penile erection.
Despite it is widely recognized the high incidence of ED following RP, penile shortening after RP has become clinically recognized only recently. Neurapraxia and sympathetic hyperinnervation may explain short-term ED and penile decrease following RP. Persistent ED and penile decrease is more likely to be caused by secondary hypoxia, smooth muscle apoptosis and collagen deposition in CC (Klein et al., 1997; User et al., 2003) . In this study, we found that BCNI caused significant CC remodeling which appeared as cavernous fibrosis and smooth muscle loss compared with sham-operated animals; ICA alone and sildenafil + ICA, but not sildenafil alone, could significantly ameliorate the both measures. In addition, the circumference and cross-sectional area of the paired CC were detected to evaluate the change in penile size. Similar to clinical observation, BCNI resulted in a significant penile decrease in the control animals compared with the shams. Animals treated with sildenafil alone did not effectively preserve the penile size compared with control animals. However, the data indicated that ICA in combination of sildenafil could most effectively preserve the penile size among four treatment groups, although the evidence of this is somewhat less robust given not all the difference between groups is statistically significant. Therefore, it is reasonably hypothesized that ICA + sildenafil could preserve the penile size by preventing cavernous fibrosis and smooth muscle loss.
It is well-known that human body has a robust self-healing capability to repair the damaged tissues. Stem/progenitor cells, residing in various types of organs, play a critical role in homeostasis and wound repair. The conspicuous features of SCs are highly proliferative during early development, while become infrequent cycling and quiescent within the adult tissue. Because of the lack of specific markers, SC population in vivo is difficult to identify. One temporary approach to identify SCs/ progenitor cells in tissue is to label DNA in all dividing cells during the neonatal time period, and the DNA label will gradually dilute in most dividing cells; a small population of cells will retain DNA label owing to their infrequent cycling. These label retaining cells (LRC) are generally considered as putative SCs because of their asymmetric division, slow-cycling and quiescent features. Our previous works have demonstrated that penis contains small populations of endogenous SCs by LRC strategy Xu et al., 2015) . Schwann cells, the ensheathing glial cells of the peripheral nerve system, are crucial for normal nerve function and for nerve repair. In this study, the percentage of EdU-positive co-expressing S100 was significantly higher in the ICA treatment groups compared with other groups; there was no significant difference in percentage between the ICAtreated groups. These results indicate the mechanism of ICA in promoting nNOS-positive regeneration appears to enhance differentiation of endogenous SCs to Schwann cells.
In conclusion, we found that icariin alone was more effective than daily sildenafil in improving erectile function following cavernous nerves injury. Although animals that received sildenafil + icariin had significantly higher mean intracavernous pressure/mean arterial pressure ratio compared with that in the icariin group, the differences in pathological changes between these two groups did not attain statistical significance. These data indicate that the repair effects of icariin on pathological changes continue to play a key role when used in combination with sildenafil. Even so, the statistically optimal erectile function (reflected by mean intracavernous pressure/mean arterial pressure ratio) in the sildenafil + icariin group still suggests that the combined use of icariin and daily sildenafil holds promise as a potential therapy for neurogenic erectile dysfunction. However, the cavernous nerves injury is relatively mild in the crush model than that in patients with non-nerve-sparing radical prostatectomy. So, the conclusion of this study is mainly suitable for some slight neurogenic erectile dysfunction.
